The Robotic External Leak Locator (RELL) was deployed to the International Space Station (ISS) with the objective of demonstrating the ability to detect and locate small leaks. On-orbit operations began in late November 2016 and following scanning activities to characterize the natural and induced environment of the ISS, RELL focused on the United States External Active Thermal Control System (EATCS). RELL successfully detected ammonia related to a known small ammonia leak in the port-side EATCS, with the highest pressure values around the inboard Radiator Beam Valve Module 1 (RBVM 1). An additional day of scanning was subsequently performed in December 2017 to focus on RBVM 1. RELL was approved for additional external operations in February 2017 with the goal of fine tuning the location of the leak. Using grid scanning patterns, RELL detected ammonia around RBVM 1 and located the approximate source of the leak. The potential leak site was inspected by a crew member during an Extravehicular Activity (EVA) in March 2017, and the suspected radiator-side lines were isolated from the port-side EATCS coolant loop in April 2017. Subsequent monitoring of the system pressures showed that the leak has stopped, indicating RELL accurately located the source of the EATCS leak. These activities verify that RELL enhances the ISS Program's ability to not only locate small leaks, but isolate the source with minimal impact to the entire ISS system.
INTRODUCTION
The United States External Active Thermal Control System (EATCS) on the International Space Station (ISS) uses liquid ammonia in closed loops to collect, transport, and reject heat. 1 The general locations of these external ammonia coolant loops on ISS are shown in Figure 1 . Each coolant loop contains a Heat Rejection System (HRS) consisting of three radiators, six Radiator Beam Valve Modules (RBVMs), and a Thermal Radiator Rotary Joint (TRRJ). The radiators reject heat via two ammonia coolant loops that run the length of each radiator. Each coolant loop has one RBVM to control the passage of ammonia between the radiator loop and the rest of the EATCS. The RBVM connects to the radiator via flex hoses and quick disconnects (QDs). Each RBVM has pressure and temperature sensors to monitor the status of the ammonia in that loop, one isolation valve, and one isolation relief valve to isolate the radiator loop from the rest of the EATCS.
Detection and location of small ammonia leaks (estimated to be < 50 pounds per day) from the EATCS was identified as a risk by the ISS program and the Robotic External Leak Locator (RELL) was commissioned to demonstrate the capability to locate these small leaks. 2 Leaks greater than 50 lbm per day are expected to be detected and located by visual inspection techniques in combination with system pressure monitoring. The RELL was designed and integrated to the ISS by teams *alexandra.m.deal@gmail.com **katie.l.fox@boeing.com; phone: 1-281-226-4577 from NASA's Goddard Space Flight Center (GSFC) and Johnson Space Center (JSC). The RELL is operated and maneuvered to locations of concern by the Special Purpose Dexterous Manipulator (SPDM) robotic arm attached to the Space Station Remote Manipulator System (SSRMS). RELL performed its first set of on-orbit operations in NovemberDecember 2016 in which it set out to characterize the natural and induced environment around the ISS. These operations were successful and, additionally, RELL detected a known, small ammonia leak. A persistent, low-level ISS ammonia leak in the port-side EATCS coolant loop was measured at 20.2 lbm per year in 2016; however, the leak rate surged to 101 lbm per year in 2017. Due to the increasing leak rate, the ISS Program approved RELL for a second round of external operations to pinpoint the leak location. After on-orbit operations in February 2017, RELL successfully located the small ammonia leak in the radiator-side lines in the port-side EATCS coolant loop. The potential leak site was then inspected by a crew member during an Extravehicular Activity (EVA) in March 2017, and the video from his high definition camera showed small flakes originating from the lines. The lines were then isolated from the port-side EATCS coolant loop in April 2017. Subsequent monitoring of the system pressures showed that the leak had stopped, indicating the RELL accurately located the source of the EATCS leak. The radiator-side EATCS coolant line was retrieved by EVA in March 2018 for inspection on the ground. Prior to RELL, leaks could only be detected at a higher subsystem level through monitoring of the system pressures and isolation could only be done at this higher level with a potentially large impact to the entire system. The successful detection and isolation of the EATCS leak verifies that RELL enhances the program's ability to not only locate small leaks, but isolate the source with minimal impact to the entire ISS system. Figure 2 , utilizes an ion pressure gauge and a residual gas analyzer (RGA) to detect small ammonia leaks outside the ISS. The ion pressure gauge measures total pressure and provides real-time data. The RGA measures the partial pressure of a range of mass-to-charge ratios from 1 to 100, providing near real-time data with a short delay up to several minutes. Used in combination, the ion gauge immediately indicates whether a leak or other event is occurring and the RGA later specifies the type and amount of molecules present. While both the ion gauge and the RGA are Commercial Off The Shelf (COTS) instruments, additional design considerations included: 1) thermal management for widely varying environments, 2) structural support during launch, and 3) integration of RELL with ISS systems (e.g., electronics, data processing, compatibility with ISS robotic arm operations). 2 The flight instrument underwent a full suite of tests for thermal vacuum, ionizing radiation, vibration, and electromagnetic interference environments. Leak simulation testing was also performed in a thermal vacuum chamber at GSFC. 3 Pressure data collected by the RGA was compared with analytical models for a vent/round jet in a rarefied environment. The RGA was mounted on a translation/rotation stage and moved relative to fixed leak sources near the chamber wall. The testing simulated leak rates from 1 lbm per day to 1 lbm per year of a mixture of water and ammonia. The test demonstrated the measured pressure due to the leak follows an inverse distance squared dependence and an angular cosine relationship between the leak source and pointing vector of the RGA, matching predicted measured plume behavior. 
METHOD AND BACKGROUND
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The RGA-100 from Stanford Research Systems (Sunnyvale, CA) is a typical quadrupole gas analyzer that measures number density for a mass range from 1 to 100 ion mass-to-charge ratios, which can be approximated by atomic mass units (amu). The RGA has three main sections: 1) electron impact ion source, 2) quadrupole ion filter, and 3) ion detector. [4] [5] The ion source produces positive ions by bombarding gas molecules with electrons from a heated filament. The ions are directed toward the quadrupole filter where they are separated by their mass-to-charge ratio. A combination of Direct Current (DC) and Radio Frequency (RF) voltages are applied to the quadrupole rods increasing the probability of ions with specific mass-to-charge ratios traveling down the axis of the filter towards to the detector. Ions with other mass-to-charge ratios are deflected to the cylindrical rods or surrounding structure. The Faraday Cup detector measures current directly and for increased sensitivity, an electron multiplier measures the electron current proportional to ion current. The Faraday Cup and the electron multiplier gives the RGA the capability of measuring pressures between 10 -13 to 10 -4 Torr. Scan times can vary from several seconds to a minute based on the parameters (e.g., mass range and scanning speed). The number densities measured by the RGA are converted to partial pressures. 
PKR251 Ion Gauge
The PKR251 ion gauge from Pfeiffer Vacuum Inc. (U.S. office in Nashua, NH) is a combination of a Pirani gauge and a cold cathode system. 6 A tungsten filament in the PKR251 Pirani gauge is heated when a current flows through it. Gas molecules' collisions with the filament remove heat from it. The pressure of the surrounding environment can be determined from this heat dissipation rate. The cold cathode system utilizes orthogonal electric and magnetic fields to trap electrons. Electrons are drawn from the cathode by a potential field and deflected by the magnetic field, causing them to spiral around the anode. The spiraling increases the opportunity to collide and ionize gas molecules. The ions are captured by an ion collector generating a current proportional to the gas density. The measurement range for the gauge is from 3.75×10 -9 to 750 Torr, with the Pirani gauge handling the upper end of the measurement range (>10 -3 Torr). Response times range from ~10 ms for pressures above 7.50×10 -7 Torr to ~1 s for pressures at the low end of the range. The ISS has previously flown this ion pressure gauge on the Materials Degradation and Exposure Experiment (MEDET) from February 2008 to September 2009 as part of the Columbus payload European Technology Exposure Facility (EuTEF).
7 Russian scientists also made various pressure measurements using this pressure gauge during thruster firings and ventings for the ASTRA-II experiment on the MIR Space Station. 
RELL RGA Measurement of Water and Ammonia
One of the critical parameters in recognizing an ammonia signature from the RGA data is evaluating the ion mass-tocharge ratios of 16 and 17. The natural environment contributes 16O and 17O isotopes in addition to water, whether from materials or recondensation when stowed in the ISS cabin. The number density of 17O is expected to be several orders of magnitude below that of 16O based on the NRLMSISE-00 atmosphere model. 9 Unfortunately, the recondensed water due to internal ISS stowage affected both RGA measurements of the natural environment, as the ram (+X) position measurements were completed in the beginning of both the 2016 and 2017 RELL on-orbit operations. Figures 3 and 4 provide the National Institute of Standards and Technology (NIST) mass spectra for ammonia (NH3) and water (H2O) from the NIST Chemistry WebBook. 10 Comparison of the ion mass ratios of 16 to 17 for ammonia and water provides important information to distinguish ammonia from water. The ion mass ratios of 16 to 17 for ammonia and water are 0.8 and 0.04, respectively. Figure 5 shows the difference in on-orbit mass spectra measured by the RGA used for detection of water and ammonia, respectively. The increase in the ion mass 16 peak in comparison to ion mass 17 peak in addition to total pressure increase indicates the presence of ammonia.
Prior to beginning the February 2017 operations, this water bakeoff took approximately 12 to 14 hours after RELL was turned on outside the ISS. Stowing RELL externally, rather than inside the ISS, would avoid the need for a water bakeoff in the future. 
RELL RGA Calibration
Leaks can be detected by differences in total pressure measurements and the RGA is used to determine the constituents present. Calibration of the RGA is not required for leak locating activities, but a successful full calibration would allow inference of the leak rate. Unfortunately, a full RGA calibration was not successfully completed during the February 2017 scans of RBVM 1. RGA calibration consists of quantifying the RGA electron multiplier gain against the RGA Faraday cup and the ion gauge total pressure measurement. A partial RGA calibration was completed before the condensed water on the filament had entirely baked off and the water levels had stabilized. The electron multiplier was calibrated against the Faraday cup but not against the ion gauge. This is the calibration used to interpret the RGA data from the RBVM 1 focused inspection scans in February 2017. A second calibration was attempted on GMT 043 (February 12, 2017) but ultimately unsuccessful as the RGA detected effluents from the Carbon Dioxide Removal Assembly (CDRA) vent during calibration.
The implications of this partial RGA calibration is only total pressure measurements from the ion gauge can be compared between the on-orbit validation and demonstration in November -December 2016 and the RBVM 1 scans in February 2017. The partial pressure measurements from the RGA cannot be compared between the two time periods, and absolute partial pressures values of ammonia cannot be determined from the February 2017 data. However, the RGA measurement data in February 2017 can still be used to confirm the presence of ammonia around RBVM 1.
ISS Natural and Induced Environment
Three separate activities to investigate and understand the natural and induced background environment around ISS were performed in November 2016 as part of the RELL on-orbit validation and demonstration. 11 The natural environment, determined by scanning in the ram (+X) direction with as little ISS structure in the field of view as possible, showed high levels of atomic oxygen (mass-to-charge ratio 16), which was expected. The 'bump' in several mass-to-charge ratios, and therefore, the summed total of partial pressures, is likely due to the negative floating potential of the ISS. The induced environment of the ISS in the wake (-X) position showed the ability of RELL to measure the effluents of several Environmental Control and Life Support System (ECLSS) vents. 12 The ability of RELL to detect ECLSS vents persisted through the induced environment scans of the P1 Truss and port-side radiator panel. Ammonia was detected in the environment around the port-side radiators and the levels increased when the RBVMs were in the RELL field of view. However, it is difficult to conclude whether the detected ammonia is a consistent part of the radiator-induced environment or due to the known ammonia leak.
The measured total and partial pressures at all locations around ISS show a strong diurnal effect, which represents itself as a sinusoidal shape in a time history of pressure, and is partially due to solar UV radiation and the variation of this radiation as ISS orbits Earth. Plots of the total pressure and summed partial pressures are shown in Figure 6 for the ram (+X) facing background scans, and a plot of selected partial pressures from the same scan is shown in Figure 7 .
The natural environment background absolute total pressure range was measured at 4.92×10 -8 to 1.96×10 -7 Torr, with an average of 1.17×10 -7 Torr. The partial pressure ranges of mass-to-charge ratios 16 and 17 were measured at 3.23×10 -9 to 1.34×10 -8 Torr and 4.02×10 -9 to 9.30×10 -9 Torr, respectively. The artificial "bump" in mass-to-charge ratio 16 partial pressure is not included in this partial pressure range. 
RBVM Scanning Activities
As part of the radiator-induced environment scanning activities, RELL was used to investigate the port-side RBVMs, particularly because one or more was suspected as the potential source of the known ammonia leak. The EATCS team identified multiple potential sources of the leak, and the RELL project team coordinated with the ISS Robotics Operations (ROBO) team to lay out a suitable scan pattern using the SSRMS and SPDM. RBVM scans began at approximately 11:00 a.m. CST on November 30, 2016, and all six port-side RBVMs were scanned over a period of approximately 8 hours. Two different scanning methods were explored during this phase of the demonstration: translational scans and angular scans. During translational scans, the RGA pointing vector was fixed parallel to the RBVM surface normal and RELL translated across and/or around the RBVM in a predetermined pattern. During angular scans, RELL was fixed in the same location relative to the RBVM and rotated to varying angles between the RGA pointing vector and RBVM face. This paper focuses on the methods and results for translational scans only. RBVMs 1, 2, 3, 4, and 6 were scanned using only translational scans across the diagonal of the face at distances of 12 inches and 36 inches between the RELL gauges and the RBVM face. Both translational and angular scans were used around RBVM 5 at distances of 12 inches and 36 inches between the RELL gauges and the RBVM face since this RBVM was considered most likely of the six to have a leak. A schematic of these scanning profiles is shown in Figure 8 . The P1 TRRJ was fixed at 0° throughout the radiator-induced environment scanning activities. 
Rescan of RBVM 1
An initial review of scan data taken during the on-orbit validation tests showed pressure and ammonia spikes near RBVM 1 specifically. A re-scan of RBVM 1 was then planned for the final day of on-orbit operations in December 2016. The rescan operations consisted of three parts: 1) perimeter scan around RBVM 1 at a distance of 12 inches from the RBVM face, 2) one-orbit hold to measure orbital variation, and 3) scan across the aft-side of RBVM 1 at 24 to 36 inches from the RBVM. The perimeter scan followed a counter clockwise path around the RBVM face normal as shown in Figure 9 (a). In the final aft scan, RELL was pointed in the ram (+X) direction such that the RGA pointing vector was parallel to the RBVM 1 aft-side normal. This provided an unobstructed view of the RBVM flex lines and QDs. RELL translated along the Y axis in both the port and starboard directions as shown in Figure 9 A fifth expanded aft-starboard (-X/+Y) scan set was also requested to acquire more data near the RBVM flex hoses. It is important to note that Figure 10 only shows major structure and may omit potential leak obstructions such as Multi-Layer Insulation (MLI), which is a multi-layered protective blanket covering much of the ISS structure. For example, in the case of the back side scan pattern, the truss hardware shown in Figure 10 is completely covered by MLI. The RBVM 1 scanning directions described above and in Figure 10 are defined by the RBVM orientation when the P1 TRRJ is positioned at 0°. However, throughout the RBVM 1 focused inspection scanning, the P1 TRRJ was positioned at 60°.
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RESULTS
RBVM Scanning Activities during On-Orbit Validation and Demonstration
Total pressure as measured during the translational scans of all six port-side RBVMs is plotted with RELL position in ISS X and Y coordinates in Figure 11 . Pressure values are only shown for scans taken when RELL is parallel to the RBVM face normal and fixed at approximately ZISS = -107 inches. The highest total pressure was measured near RBVM 1 and ranged between 3.29×10 -7 and 8.95×10 -7 Torr. Fluctuation in pressure measurements taken in the same location is likely due to the diurnal effect on pressure and/or orbital variation. The total pressures around RBVM 3 and RBVM 5 do not follow the same downward trend as the other RBVMs and this could indicate leak sources. However, note RBVM 5 is at the lower end of the overall measured pressure and is likely not the source of the EATCS leak. The presence of ammonia is confirmed by examining RGA partial pressure scans. Partial pressures for mass-to-charge ratios 3 to 50 are shown in Figure 12 for two example RGA scans, where mass-to-charge ratios approximate atomic mass units (amu). The RBVM 1 partial pressure distribution shows equivalent partial pressure peaks at mass-to-charge ratios 16 and 17, which resembles the mass spectrum for ammonia (see Figure 3 ). The RBVM 6 partial pressure distribution shows mass-to-charge ratio 17 partial pressure peak dropping below the mass-to-charge ratio 16 partial pressure peak as well as below the mass-to-charge ratio 17 ram background partial pressure level of 4.02×10 -9 Torr. This indicates there is little or no ammonia in the induced environment around RBVM 6. Similar to Figure 11 , partial pressures of mass-to-charge ratios 16 and 17 during all six port-side RBVM scans are shown in Figure 13 . Again, partial pressure values are only shown for scans taken when the RGA is parallel to the RBVM face normal and the RGA sensor entrance is fixed at approximately ZISS = -107 inches. The highest partial pressures were measured near RBVM 1 and ranged from 1.63×10 -7 to 5.39×10 -7 Torr for mass-to-charge ratio 16 and from 1.56×10 -7 to 5.40×10 -7 Torr for mass-to-charge ratio 17, which are two orders of magnitude above the natural environment background measurements. Also similar to the total pressure measurements, fluctuation in pressure measurements taken in the same location is likely due to diurnal effects and/or orbital variation. The decline of partial pressure measurements of both mass-to-charge ratios 16 and 17 as RELL scans from RBVM 1 to RBVM 6 appears to approximately follow an exponential decrease. A distance squared ( 1 2 ) decrease of an ammonia leak plume from RBVM 1 is plotted as a solid line in Figure 13 . Deviations from the observed exponential decrease are local maxima near RBVM 3 and 5. These local maxima could indicate additional, smaller, leaks near these RBVMs. However, the partial pressures levels around RBVM 5 are close to the background partial pressure values for mass-to-charge ratios 16 and 17. The distance squared dependence on pressure measurements of an ammonia leak plume from RBVM 1 (measured as partial pressures of mass-to-charge ratios 16 and 17) assumes the leak, or plume, is normal to the RBVM surface. Other causes for discrepancy between partial pressure measurements and the expected distance squared decrease could include the leak direction, hardware obstructions, reflections of the ammonia, or other species in the induced environment such as atomic oxygen, which contribute to the partial pressure measurements of mass-to-charge ratios 16 and 17. The distance squared curve also quickly dips below the background levels of mass-to-charge ratios 16 and 17. Nonetheless, the similarity between partial pressure measurements of mass-to-charge ratios 16 and 17 taken near RBVM 1, 2, and 3 is a strong indicator of ammonia. As the partial pressure measurement of mass-to-charge ratio 17 drops below the partial pressure measure of mass-to-charge ratio 16 and natural or induced environment background pressure levels, this indicates that atomic oxygen is dominating the partial pressure measurement and there is likely little to no ammonia near RBVM 4 and 6.
Rescan of RBVM 1
After reviewing the RELL measurements of total and partial pressures around the RBVMs as a part of the on-orbit validation and demonstration activities, an additional day of scanning in December 2016 was approved to further investigate the high levels of ammonia measured around RBVM 1. Total pressure and partial pressures of mass-to-charge ratios 16 and 17 around the perimeter of RBVM 1 are shown in Figure 14 . Total pressure measurements ranged from 1.52×10 -7 to 3.45×10 -6 Torr, all well above the ISS natural environment background average total pressure of 1.17×10 -7
Torr. Partial pressure measurements for mass-to-charge ratios 16 and 17 follow the same trend around the entire RBVM perimeter, indicating that the total pressure is dominated by ammonia. Total and partial pressure measurements decrease as RELL is translated in the ram (+X) direction and increase as RELL is translated back in the wake (-X) direction indicating the source of the leak is on the aft end of RBVM 1. There is little relative difference in total and partial pressures between the port and starboard sides of RBVM 1. No ECLSS venting was detected during the perimeter scan of RBVM 1. Partial pressure data of mass-to-charge ratios 16 and 17 measured during the aft scan of RBVM 1 focusing on the flex hoses and QDs is shown in Figure 15 . The maximum partial pressure of mass-to-charge ratio 16 was 2.26×10 -6 Torr and the maximum partial pressure of mass-to-charge ratio 17 was 2.21×10 -6 Torr and both were measured on the port (-Y) end of the aft (-X) side of RBVM 1. Again, fluctuation between pressure measurements taken in the same location is likely due to temperature and pressure variation as ISS orbits the Earth and moves between insolation and eclipse. Also, the similarity and consistency of the partial pressure measurements of mass-to-charge ratios 16 and 17 around the entire perimeter indicates the presence of ammonia. 
RBVM 1 Focused Inspection
The ISS Program approved the use of RELL for additional external operations in February 2017, with the goal of inspecting RBVM 1 and pinpointing the source of the known ammonia leak. Five scans of four sides of RBVM 1 were conducted, each with a grid pattern. Maximum total pressures for each grid scan set are shown in Table 1 . Total pressure values measured during the zenith (-Z), aft-starboard (-X/+Y), aft-port (-X/+Y), back side, and expanded aft-starboard (-X/+Y) grid scans are shown in the pressure contour maps in Figures 17, 18 , 19, 21, and 22, respectively. The data in Figure 19 for the aft-port grid scans is also represented in three dimensions in The pressure decreases when RELL passes over the flex hoses which indicates the leak source is blocked from view. The back-side scan shows a much lower magnitude and more diffuse total pressure peak due to obstruction by the P1 Truss structure and MLI. However, a peak is still discernable, and the location of the peak again implies a leak around the RBVM flex hoses.
A full RELL calibration was not successfully completed during the RBVM 1 focused inspection operations due to condensed water outgassing from the RGA filament. Partial pressure measurements are therefore not shown as they cannot be correctly interpreted without a full RGA calibration. The presence of ammonia was confirmed, however, by inspection of RGA scan data displayed during on-orbit operations, similar to Figures 5(b) and 12(a).
CONCLUSIONS & RECOMMENDATIONS
RELL has been shown to be a valuable addition to the ISS tool set, specifically in regards to detecting, characterizing, and locating external leaks. Indeed, following its successful on-orbit validation and demonstration in late 2016, additional RELL operations in February 2017 narrowed down the location of the ammonia leak to the flex hoses on the aft end of RBVM 1. The location of the leak was confirmed by a crew member during an EVA in March 2017 and the leak was successfully stopped following the isolation of the leak from the rest of the EATCS coolant loop in April 2017.
The leak locating scans presented here indicate the grid scanning technique is effective and repeatable. Total pressure measurements from the ion gauge are useful in locating differences in pressure on a surface and, combined with the grid patterns for scanning, make helpful contour maps of pressure (see Figures 17 to 22) . However, the partial pressure data from the RGA is invaluable in determining what is causing the differences in total pressure measurements.
While not necessary for leak locating activities, the unsuccessful RGA calibration in February 2017 limited the ability to quantify partial pressures of particular constituents and infer a leak rate. Careful planning can alleviate this in the future, as well as storing RELL externally to avoid the need for a bakeoff of condensed water on the RGA filament.
